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Abstract. – Studies have begun to show that 
muscles and bones play a role in the regula-
tion of biological functions through a combina-
tion of biomechanical and biochemical signals. 
In vivo and ex vivo imaging techniques are cru-
cial in the understanding of the morphology and 
architecture of muscle and bone for further un-
derstanding of musculoskeletal physiology and 
pathophysiology. This systematic review of the 
literature summarizes current knowledge and 
outlines new insights into the functions of mus-
cle and bone elucidated by imaging techniques, 
with a focus on the recent advances in the mus-
culoskeletal system enabled by novel technolo-
gies, such as CLARITY, Fast Free-of-Acrylamide 
Clearing Tissue (FACT), computed tomography 
(CT), and positron emission tomography (PET). 
This may serve as guidance for the development 
of new strategies to prevent and diagnose mo-
tor or metabolism disorders related to the mal-
function of muscle and bone. 
Key Words:
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search.
Introduction
The impairment of muscle and bone function 
can be caused by a wide array of pathologies. 
These malfunctions can lead to extreme fatigue, 
pain, and issues with mobility, greatly impairing 
the quality of life1-3. Imaging is an essential part 
of the diagnosis and management of the majori-
ty of muscle and bone-related diseases; however, 
it remains to be determined which is the optimal 
imaging method for this application4,5. 
Traditionally, muscles and bones were 
thought of as just biomechanical organs for the 
purpose of movement6-8. However, as the scien-
tific field has advanced, so has the understanding 
that muscle and bone are also endocrine organs 
with the ability to regulate biological functions 
within their microenvironment9. Furthermore, 
muscle-bone interactions are much more diverse 
and complex than originally thought, transmit-
ting not only biomechanical signals but bio-
chemical signals as well10-12. 
The recent advances in the understanding of 
the complex biology of the musculoskeletal sys-
tem have paved the way for improved ex-vivo and 
in-vivo imaging. The Fast Free-of-Acrylamide 
Clearing Tissue (FACT)13,14 and CLARITY15 
techniques in ex-vivo imaging have recently been 
developed to elucidate three-dimensional skeletal 
muscle imaging, portraying a more comprehen-
sive map of cellular interactions between neigh-
boring and distant cells within skeletal muscle. 
Advancement of in-vivo imaging approaches, 
ranging from dynamic ultrasound imaging (US) 
to positron emission tomography (PET) have 
brought up novel possibilities of non-invasive 
anatomical and physiologic imaging for various 
clinical applications. 
In this review, we summarize a range of 
ex-vivo and in-vivo imaging approaches related 
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to muscle and bone with an emphasis on recent 
progress made with new technologies, including 
three-dimensional imaging, US, magnetic res-
onance imaging (MRI), computed tomography 
(CT), and PET. It is our hope that structural imag-
ing of muscles and bones may give novel insights 
into the diagnosis, treatment, and prevention of 
musculoskeletal diseases. 
Methods
A systemic review and analysis of muscle 
and bone imaging studies published between 
January 1, 1950 and August 1, 2018 was per-
formed using PubMed, Google Scholar, Web of 
Science, and Geen Medical database, following 
systematic review and meta-analysis guide-
lines16. The search terms used were bone, skel-
eton, orthopedics, osseous, osteology, muscle, 
muscular, skeletal muscle, imaging, two-di-
mensional imaging, three-dimensional imag-
ing, CLARITY, FACT, US, MRI, CT, and PET. 
All studies, with no language restrictions and 
no species limitations, were included. Basic 
science and clinical ex-vivo and in-vivo studies 
ranging from randomized trials to retrospec-
tive studies were included (Tables I and II). 
Review, systematic review, meta-analyses, and 
unpublished doctoral theses were excluded. In-
vestigators independently searched through the 
studies, if the eligibility of an article was incon-
sistent among two investigators, it was resolved 
by discussion and consensus.
Ex Vivo Imaging of the Muscle 
and Bone
Two-dimensional imaging
Two-dimensional imaging is the most common 
classical approach for studying the morphology 
of muscle17,18 and bone19,20 by taking thin sections 
of tissue and applying conventional staining ap-
proaches (Figure 1A), immunohistochemistry21, 
immunofluorescence22, electron microscopy23, 
and in situ hybridization24. Studies applying these 
imaging methods have revealed the basic frame-
work of muscle and bone with unbiased stereolog-
ical and robust statistical methods.
Serial sectioning with these two-dimensional 
imaging techniques illustrate fine perspectives 
of structures within muscle and bone specimens. 
However, they do not fully characterize musculo-
skeletal interactions on a system level. Moreover, 
immunostaining and in situ hybridization were 
initially developed, and better optimized for soft 
tissues, such as the brain, instead of hard tissues, 
such as muscle and bone25,26. A major limitation 
facing these techniques is the ability to investi-
gate intact muscular and osseous tissue, as well as 
their 3D microenvironments. 
Three-Dimensional Imaging
Histological analyses at either light or electron 
microscopic levels are restricted to two dimen-
sions. With these methods, it is challenging to 
reconstruct the exact structures of entire bone or 
muscle or investigate relationships among diverse 
musculoskeletal structures. With the synchro-
Table I. Ex-vivo muscle and bone imaging methods in basic and clinical studies.
+, it has been applied; -, it has not been applied.
Species Immuno- Immuno- Electron CLARITY In situ
 histochemistry fluorescence microscope  hybridization 
Muscle     
  Human +72 +22 +73 – +74
  Mouse +21,75 +22 +23,76 +15 +77
  Rat +78 +22 +79 – – 
  Chicken +80 +81 +82 – +83
  Dog +84 +85 +84 – –
  Sheep +86 – +87 – +88
  Cattle +84,89 +90,91 +84,92 – +93
Bone     
  Human +94 +95 +96 – +97
  Mouse +98 +99 +100 +31 +98
  Rat +101 +102 +103 – +104
  Sheep +105 – +106 – –
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tron X-ray microtomography and 3D X-ray mi-
croscopy approach, imaging of musculoskeletal 
structures in fixed mouse bone or muscle without 
clearing has been done. However, these facilities 
are not widely accessible.
Three-dimensional imaging has recently at-
tracted considerable attention due to advantag-
es it can provide with detailed imaging of struc-
tural information of organs27-29. The CLARITY 
approach, developed by Chung and Deisse-
roth30, elucidates the 3D cellular connectome 
and of intact tissue imaging. Zhang et al15 based 
on the CLARITY technique has proven this ap-
proach to be successful in the whole muscle 
imaging of mice, facilitating connectomics and 
structural analyses within muscle vessels and 
cells in three-dimensional systems. Around the 
same period, Greenbaum et al31 demonstrated 
comprehensive visualization of biological pro-
cesses in the entire bone tissues with CLARI-
TY (Figure 1B).
Recently, an exciting new wave of improve-
ments emerged with free-of-acrylamide clearing 
tissue (FACT)32, which greatly reduces the whole 
clearing time. Most notably, the replacement of 
acrylamide hydrogel by formaldehyde largely 
+, It has been applied; -, It has not been applied; US, ultrasound; MRI, magnetic resonance imaging; CT, computed tomography; 
OCT, optical coherence tomography; PET, positron emission tomography.
Table II. In-vivo muscle and bone imaging methods in basic and clinical studies.
Species US MRI CT OCT PET 
Muscle     
  Human +107,108 +109 +110 +111 +112-116
  Mouse +117 +118 +119 +120 +119
  Rat +121 +122 – +123 +124
  Dog +125 +126 +127 – +128
  Sheep +129 +130 +131 +132 –
  Pig +129 +133 +134 +135,136 +37
  Cattle  +129,138 +139 +140,141 +142 –
Bone     
  Human +143 +144 +145,146 +147 +116
  Mouse +148 +149 +50 +151 +152
  Rat +153 +154 +155 +156 +157
  Dog +158 +159 +160 +161 +152
  Sheep +162 – +131 +163 –
  Pig +164 +165 +166 +167 +168
Figure 1. Imaging of ex-vivo muscular tissues. A, Hematoxylin and eosin staining of a muscle section of a rat (100X)64. B, 
Three-dimensional imaging of mouse muscle cleared with the passive CLARITY protocol. Blood vessels (red) and neurons 
(green and yellow) are labeled15. C, Imaging of skeletal muscle in the mouse after clearing by Fast Free-of-Acrylamide Clearing 
Tissue (FACT) technique and labeling with Hoechst 33342 (blue), the red and green are control without labeling13. 
A B C
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avoids incomplete tissue hydrogel hybridization 
and fine cyst structure destruction in this proto-
col. Compared to other protocols, FACT improves 
the speed of clearing, preservation of cytoarchi-
tecture, depth of tissue penetration, long-term 
storage of fluorescent signal, and the signal to 
noise ratio (Figure 1C). 
The near-infrared (NIR) approach allows 
the visualization of follicle-stimulating hor-
mone (FSH) receptors by conjugating FSH to a 
small molecule weight near-infrared fluorophore 
(CH1055). The strong near-infrared signals emit-
ted from the fluorophore conjugated to FSH al-
low for the imaging of bones which express the 
FSH receptors33. Because the CH1055 fluoro-
phore has minimal cytotoxicity and a short in 
vivo half-life34, further improvements of the NIR 
approach and design of a portable NIR probe 
may potentially allow for live imaging of bone 
and muscle in patients as a diagnostic tool.
In Vivo Imaging of the Muscle and Bone 
Ultrasonography
US imaging is a powerful empirical method in 
human and animal research to identify muscular 
and bone disorders. This technique involves send-
ing and receiving a series of sound-wave pulses 
into biological tissues and analyzing acoustic and 
temporal properties of echoes for reconstructing 
structural imaging of tissues. Muscle thickness35,36 
and soft tissue changes adjacent to bone37,38, often 
reflected by echo intensity can readily be identified 
using this method (Figures 2A and 3A). In addi-
tion, US offers the advantage of dynamic imag-
ing, allowing for real-time visualization of muscle 
function and underlying pathologies.
Positron Emission Tomography
PET imaging allows for the observation of 
metabolic processes of tissues and organs39,40. 
Figure 2. Different techniques for real-time live imaging of the muscle. A, B-mode contrast-enhanced ultrasonography imag-
ing of muscle microvascular blood volume and femoral vessels in a mouse65. B, Positron emission tomography (PET) imaging 
of mouse muscular inflammation model. White boxes indicate inflammatory muscles66. C, Micro-computed tomography (CT) 
evaluation of the hind limb muscle mass in mice67. D, Magnetic resonance imaging (MRI) of leg shows changes in dystrophic 
muscle. The leg of the left hind limb outlined in white and a magnified version of the leg muscles; anterior muscle groups (A), 
medial muscle groups (M), posterior muscle groups (P), and the tibia bone (T)68. E, Intravital microscopic image of an adult 
mouse hind limb blood vessels. Femoral artery (A), epigastric artery (B), gracilis artery (C), and the adductor muscle (D)65. 
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Dynamic biological processes mapping at high 
resolution in freely behaving patients and animals 
can be achieved by the detection of radioactivity 
emitted after radiotracer injection41. A wide ar-
ray of radiotracers and clinical applications for 
PET imaging of the musculoskeletal system are 
under investigation, including the localization of 
dystonic muscles42 and assessing for bone marrow 
lymphoma43 (Figure 2B).
Computed Tomography
Computed tomography (CT) uses comput-
er-processed incorporations of X-ray measure-
ments to produce sectional images of specific 
tissues, including internal organs, soft tissue, 
muscle (Figure 2C), and bone (Figure 3B)44-46. CT 
allows for rapid anatomical imaging, and in some 
instances is the preferred imaging modality of the 
musculoskeletal system, such as in the imaging of 
acute trauma and post-operatively in the presence 
of metallic hardware. Additionally, CT-based im-
aging studies have helped extend previous work 
based on MRI in imaging muscle and bone mor-
phological measurements46,47.
Magnetic Resonance Imaging
Imaging with MRI applies a powerful magnet-
ic field and radio waves to portray detailed imag-
es of the organs and tissues. Enormous advances 
have been made in improving this technique, in-
cluding functional magnetic resonance imaging 
(fMRI) and real-time fMRI (rtfMRI). An inves-
tigation based on this approach provides reliable 
scan diagnosis in musculoskeletal diseases, such 
Figure 3. Different techniques for real-time live imaging of the bone. A, B-mode ultrasound imaging showing an intact tibia 
specimen (arrow) of chicken with the soft tissue left intact and 3D renditions of the chicken tibia69. B, Micro-computed tomog-
raphy (μCT) evaluation of lateral view, left, of a mice skull comparing with simple radiology (RX) and conventional computed 
tomography (CT)70. C, Magnetic resonance imaging (MRI) of bone with contrast-enhanced (Gd-DTPA) T1-weighted MRI of 
a rat. The proximal tibia (T) and whole femur (F)71. D, Near-infrared (NIR) optical imaging of bones using follicle stimulating 
hormone-fluorophore CH1055 (FSH-CH) in adult mice33.
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as muscle and tendon injuries48, degenerative and 
inflammatory arthropathies49, and radiologic oc-
cult fractures50 (Figures 2D and 3C). 
Optical Coherence Tomography
Optical coherence tomography (OCT) is an in 
vivo imaging method based on low-coherence inter-
ferometry, typically employing near-infrared light, 
used for the evaluation of bones and muscles51,52. 
OCT is based on low-coherence interferometry, typ-
ically employing near-infrared light. The use of rel-
atively long wavelength light allows it to penetrate 
into the scattering medium. This approach provides 
cross-sectional views of the subsurface microstruc-
ture of biological tissues. To decrease the effect of 
tissue motion (breathing or muscle contraction) 
during live imaging with OCT, an OCT system with 
higher imaging speed has been recommended53, in-
cluding the Fourier domain mode-locking laser54 or 
an OCT A-line rate at the MHz level55. The OCT 
approach, however, suffers from the generation and 
interference of partially coherent optical fields and 
from how such fields propagate in biological tissues. 
In addition, there are issues related to the design of 
practical scanning and detection systems, which 
need to be overcomed before OCT will have practi-
cal clinical applications.
Intravital Multiphoton Microscopy
As an experimental tool, intravital multipho-
ton microscopy allows imaging of living tissue up 
to about one millimeter in depth (Figures 2E and 
3D). This imaging technique was recently used to 
monitor the diameter and blood flow of individual 
vessels33 and has shown utility for the imaging of 
the muscular surface. However, this approach is 
restricted by the depth of the observable field and 
currently has limited clinical application.
Clinical Applications of Ex-Vivo and 
In-vivo Muscle and Bone Imaging
Different muscle and bone types harbor spe-
cialized physiological processes that are critical 
for modulating biomechanical and endocrine 
functions, such as cell proliferation and growth, 
blood vessel recruitment, neuronal signals, and 
bone remodeling56-59. There is tremendous prog-
ress in clarifying the function and malfunction 
of muscle and bone with the aid of contemporary 
ex-vivo and in-vivo imaging techniques. Studies 
employing these methods have revealed a large 
variety of musculoskeletal diseases, including 
muscle atrophy60, fatty infiltration61, muscular fi-
brosis62, and osteoporosis63.
However, imaging the changes in metabolic 
processes of the musculoskeletal system and the 
interactions between muscle and bone have so far 
revealed little information in both basic and clin-
ical research, although these biological process-
es have been suggested via cell and molecular 
biology experiments. The development of tools 
to simultaneously map real-time live imaging of 
special tissues within the musculoskeletal sys-
tem remains a pressing clinical concern, with the 
non-invasive in vivo imaging in diagnosing mus-
culoskeletal pathophysiology holding promise for 
future clinical applications.
Conclusions
Both basic and clinical studies have led to an 
advanced understanding of the structural and 
functional basis of muscle and bone underlying 
the development of imaging techniques. Recently, 
developed ex-vivo and in-vivo tools further boost-
ed the research on understanding the morphology 
of muscle and bone with unprecedented precision. 
However, more comprehensive physiological and 
pathological imaging of the muscle and bone, 
with disease-type and disease-stage specificity 
of these organs, are needed. Additionally, inves-
tigating the function of the whole musculoskeletal 
system and interaction between muscle and bone, 
rather than studying the separated organ mor-
phology, provides a novel interesting frontier that 
awaits further exploration. 
Conflict of Interests
No potential conflicts of interest relevant to this article exist.
References
  1) IbrahIm T, FarolFI a, mercaTalI l, rIccI m, ama-
dorI d. Metastatic bone disease in the era of 
bone-targeted therapy: clinical impact. Tumori 
2013; 99: 1-9.
  2) Kley ra, TarnopolsKy ma, Vorgerd m. Creatine for 
treating muscle disorders. Cochrane Database 
Syst Rev 2013; 2013: Cd004760.
  3) aTes F, TemellI y, yucesoy ca. Intraoperative ex-
periments show relevance of inter-antagonistic 
mechanical interaction for spastic muscle’s con-
tribution to joint movement disorder. Clin Biomech 
2014; 29: 943-949.
  4) hamaoKa T, madewell Je, podoloFF da, horTobagyI 
gn, ueno nT. Bone imaging in metastatic breast 
cancer. J Clin Oncol 2004; 22: 2942-2953.
H.-M. Wang, A. Khoradmehr, A. Tamadon, E. Velez, I. Nabipour, N. Jokar, et al 
3260
  5) KawamoTo s, Imamoglu n, gomez-Tames Jd, KITa K, 
yu w. Ultrasound imaging and semi-automatic 
analysis of active muscle features in electrical 
stimulation by optical flow. Conf Proc IEEE Eng 
Med Biol Soc 2014; 2014: 250-253.
  6) bIewener aa. Biomechanics of mammalian terres-
trial locomotion. Science 1990; 250: 1097-1103.
  7) pandy mg, andrIacchI Tp. Muscle and joint function 
in human locomotion. Annu Rev Biomed Eng 
2010; 12: 401-433.
  8) lanyon l, baggoTT d. Mechanical function as an 
influence on the structure and form of bone. J 
Bone Joint Surg Am 1976; 58: 436-443.
  9) broTTo m, Johnson ml. Endocrine crosstalk be-
tween muscle and bone. Curr Osteoporos Rep 
2014; 12: 135-141.
 10) dIgIrolamo dJ, clemens Tl, KousTenI s. The skele-
ton as an endocrine organ. Nat Rev Rheumatol 
2012; 8: 674-683.
 11) KarsenTy g, oury F. Biology without walls: the 
novel endocrinology of bone. Annu Rev Physiol 
2012; 74: 87-105.
 12) broTTo m, bonewald l. Bone and muscle: Interac-
tions beyond mechanical. Bone 2015; 80: 109-114.
 13) Khoradmehr a, mazaherI F, anVarI m, Tamadon a. 
A simple technique for three-dimensional imaging 
and segmentation of brain vasculature using Fast 
Free-of-Acrylamide Clearing Tissue (FACT) in 
murine. Cell J 2019; 21: 49-56.
 14) mohammad rezazadeh F, saedI s, rahmanIFar F, 
namaVar mr, dIanaTpour m, TanIdeh n, aKhlaghI 
a, nIazI a, arabI monFared a, TsuTsuI K, JaFarzadeh 
shIrazI mr. Fast free of acrylamide clearing tissue 
(FACT) for clearing, immunolabeling and three-di-
mensional imaging of partridge tissues. Microsc 
Res Tech 2018; 81: 1374-1382.
 15) zhang w, lIu s, zhang w, hu w, JIang m, Tama-
don a, Feng y. Skeletal muscle CLARITY: A pre-
liminary study of imaging the three-dimensional 
architecture of blood vessels and neurons. Cell J 
2018; 20: 132-137.
 16) lIberaTI a, alTman dg, TeTzlaFF J, mulrow c, 
gøTzsche pc, IoannIdIs Jp, clarKe m, deVereaux pJ, 
KleIJnen J, moher d. The PRISMA statement for 
reporting systematic reviews and meta-analyses 
of studies that evaluate health care interventions: 
explanation and elaboration. J Clin Epidemiol 
2009; 62: e1-34.
 17) mauro a. Satellite cell of skeletal muscle fibers. J 
Biophys Biochem Cytol 1961; 9: 493-495.
 18) damrauer Js, sTadler me, acharyya s, baldwIn as, 
couch me, guTTrIdge dc. Chemotherapy-induced 
muscle wasting: association with NF-κB and can-
cer cachexia. Eur J Transl Myol 2018; 28.
 19) garrahan n, mellIsh r, compsTon J. A new method 
for the two‐dimensional analysis of bone struc-
ture in human iliac crest biopsies. J Microsc 1986; 
142: 341-349.
 20) yao g, wang lV. Two-dimensional depth-resolved 
Mueller matrix characterization of biological tis-
sue by optical coherence tomography. Opt Lett 
1999; 24: 537-539.
 21) TrITTmann JK, VelTen m, heyob Km, almazroue h, 
JIn y, nelIn ld, rogers lK. Arginase and α‐smooth 
muscle actin induction after hyperoxic exposure in 
a mouse model of bronchopulmonary dysplasia. 
Clin Exp Pharmacol Physiol 2018; 45: 556-562.
 22) bloemberg d, QuadrIlaTero J. Rapid determination 
of myosin heavy chain expression in rat, mouse, 
and human skeletal muscle using multicolor im-
munofluorescence analysis. PLoS One 2012; 7: 
e35273.
 23) shaFIQ s, gorycKI m. Regeneration in skeletal 
muscle of mouse: some electron-microscope ob-
servations. J Pathol Bacteriol 1965; 90: 123-127.
 24) hogan mc, arThur pg, bebouT de, hochachKa 
pw, wagner pd. Role of O2 in regulating tissue 
respiration in dog muscle working in situ. J Appl 
Physiol 1992; 73: 728-736.
 25) chung K, wallace J, KIm sy, Kalyanasundaram s, 
andalman as, daVIdson TJ, mIrzabeKoV JJ, zalocusKy 
Ka, maTTIs J, denIsIn aK, paK s. Structural and mo-
lecular interrogation of intact biological systems. 
Nature 2013; 497: 332-337.
 26) susaKI ea, ueda hr. Whole-body and whole-organ 
clearing and imaging techniques with single-cell 
resolution: toward organism-level systems biolo-
gy in mammals. Cell Chem Biol 2016; 23: 137-157.
 27) rIchardson ds, lIchTman Jw. Clarifying tissue 
clearing. Cell 2015; 162: 246-257.
 28) susaKI ea, TaInaKa K, perrIn d, KIshIno F, Tawara 
T, waTanabe Tm, yoKoyama c, onoe h, eguchI m, 
yamaguchI s, abe T, KIyonarI h, shImIzu y, mIyawaKI 
a, yoKoTa h, ueda hr. Whole-brain imaging with 
single-cell resolution using chemical cocktails and 
computational analysis. Cell J 2014; 157: 726-739.
 29) KIm sy, chung K, deIsseroTh K. Light microsco-
py mapping of connections in the intact brain. 
Trends Cogn Sci 2013; 17: 596-599.
 30) chung K, deIsseroTh K. CLARITY for mapping the 
nervous system. Nat Methods 2013; 10: 508-513.
 31) greenbaum a, chan Ky, dobreVa T, brown d, balanI 
dh, boyce r, Kronenberg hm, mcbrIde hJ, gradInaru 
V. Bone CLARITY: clearing, imaging, and computa-
tional analysis of osteoprogenitors within intact bone 
marrow. Sci Transl Med 2017; 9. pii: eaah6518.
 32) xu n, Tamadon a, lIu y, ma T, leaK rK, chen J, 
gao y, Feng y. Fast free-of-acrylamide clearing 
tissue (FACT)-an optimized new protocol for rap-
id, high-resolution imaging of three-dimensional 
brain tissue. Sci Rep 2017; 7: 9895.
 33) Feng y, zhu s, anTarIs al, chen h, xIao y, lu x, 
JIang l, dIao s, yu K, wang y, herraIz s. Live im-
aging of follicle stimulating hormone receptors in 
gonads and bones using near infrared II fluoro-
phore. Chem Sci 2017; 8: 3703-3711.
 34) anTarIs al, chen h, cheng K, sun y, hong g, Qu 
c, dIao s, deng z, hu x, zhang b, zhang x. A 
small-molecule dye for NIR-II imaging. Nat Mater 
2016; 15: 235-242.
 35) KawaI h, Kera T, hIrayama r, hIrano h, FuJIwara 
y, Ihara K, KoJIma m, obuchI s. Morphological 
and qualitative characteristics of the quadriceps 
muscle of community-dwelling older adults based 
on ultrasound imaging: classification using latent 
class analysis. Aging Clin Exp Res 2018; 30: 283-
291.
 36) mcKenna lJ, de ronde m, le m, burKe w, graVes 
a, wIllIams sa. Measurement of muscle thickness 
of the serratus anterior and lower trapezius using 
Imaging of the muscle and bone from benchtop to bedside
3261
ultrasound imaging in competitive recreational 
adult swimmers, with and without current shoul-
der pain. J Sci Med Sport 2018; 21: 129-133.
 37) gIles sl, wInFIeld Jm, collIns dJ, rIVens I, cIVale J, Ter 
haar gr, desouza nm. Value of diffusion-weighted 
imaging for monitoring tissue change during mag-
netic resonance-guided high-intensity focused ul-
trasound therapy in bone applications: an ex-vivo 
study. Eur Radiol Exp 2018; 2: 10.
 38) JaKuboVIc r, ramJIsT J, gupTa s, guha d, sahgal a, 
FosTer Fs, yang Vx. High-frequency micro-ultra-
sound imaging and optical topographic imaging 
for spinal surgery: initial experiences. Ultrasound 
Med Biol 2018; 44: 2379-2387. 
 39) wolK da, sadowsKy c, saFIrsTeIn b, rInne Jo, duara 
r, perry r, agronIn m, gamez J, shI J, IVanoIu a, 
mInThon l. Use of flutemetamol F 18–labeled pos-
itron emission tomography and other biomarkers 
to assess risk of clinical progression in patients 
with amnestic mild cognitive impairment. JAMA 
Neurol 2018; 75: 1114-1123.
 40) gallamInI a, Tarella c, VIVIanI s, rossI a, paTTI c, 
mulé a, pIcardI m, romano a, canToneTTI m, la na-
sa g, TrenTIn l. Early chemotherapy intensification 
with escalated BEACOPP in patients with ad-
vanced-stage Hodgkin lymphoma with a positive 
interim positron emission tomography/computed 
tomography scan after two ABVD cycles: Long-
term results of the GITIL/FIL HD 0607 trial. J Clin 
Oncol 2018; 36: 454-462.
 41) berger a. Positron emission tomography. Br Med 
J 2003; 326: 1449.
 42) shen y, hu y, caI l, lI b, pan l, JIn l. Localization of 
dystonic muscles with positron emission tomog-
raphy/computed tomography for the treatment of 
cervical dystonia. J Nucl Med 2018; 46: e56.
 43) morITanI K, naKano n, yonezawa s, ochI F, TauchI 
h, eguchI-IshImae m, eguchI m, IshII e, nagaI K. 
Usefulness of positron emission tomography-CT 
for diagnosis of primary bone marrow lymphoma 
in children. Pediatr Hematol Oncol 2018; 12: 1-6.
 44) wang lV. Multiscale photoacoustic microscopy 
and computed tomography. Nat Photonics 2009; 
3: 503-509.
 45) marTIn l, hopKIns J, malIeTzIs g, JenKIns JT, sawyer 
mb, brIseboIs r, maclean a, nelson g, gramlIch 
l, baracos Ve. Assessment of computed tomog-
raphy (CT)-defined muscle and adipose tissue 
features in relation to short-term outcomes after 
elective surgery for colorectal cancer: a multi-
center approach. Ann Surg Oncol 2018; 25: 2669-
2680.
 46) adams gJ, cooK rb, huTchInson Jr, zIoupos p. Bone 
apparent and material densities examined by cone 
beam computed tomography and the Archimedes 
technique: comparison of the two methods and 
their results. Front Mech Eng 2018; 3: 23.
 47) reeVes Jm, Knowles nK, aThwal gs, Johnson Ja. 
Methods for post hoc quantitative computed to-
mography bone density calibration: Phantom-only 
and regression. J Biomech Eng 2018; 140: 094501
 48) geJo r, KawaguchI y, Kondoh T, TabuchI e, maTsuI h, 
TorII K, ono T, KImura T. Magnetic resonance imag-
ing and histologic evidence of postoperative back 
muscle injury in rats. Spine 2000; 25: 941-946.
 49) haaVardsholm ea, bøyesen p, øsTergaard m, schIl-
dVold a, KVIen TK. Magnetic resonance imaging 
findings in 84 patients with early rheumatoid 
arthritis: bone marrow oedema predicts erosive 
progression. Ann Rheum Dis 2008; 67: 794-800.
 50) rIzzo pF, gould es, lyden Jp, asnIs se. Diagnosis 
of occult fractures about the hip. Magnetic reso-
nance imaging compared with bone-scanning. J 
Bone Joint Surg Am 1993; 75: 395-401.
 51) loVerIng rm, shah sb, praTT sJ, gong weI, chen 
yu. Architecture of healthy and dystrophic mus-
cles detected by optical coherence tomography. 
Muscle Nerve 2013; 47: 588-590.
 52) bernsTeIn l, beaudeTTe K, paTTen K, beaulIeu-ouelleT 
é, sTrupler m, moldoVan F, boudoux c. Non-inva-
sive imaging of zebrafish with spinal deformities 
using optical coherence tomography: a prelimi-
nary study. Paper presented at: Photonic Thera-
peutics and Diagnostics IX2013; San Francisco, 
California, United States.
 53) burTon Jc, wang s, sTewarT ca, behrInger rr, 
larIna IV. High-resolution three-dimensional in 
vivo imaging of mouse oviduct using optical co-
herence tomography. Biomed Opt Express 2015; 
6: 2713-2723.
 54) huber r, woJTKowsKI m, FuJImoTo Jg. Fourier Do-
main Mode Locking (FDML): a new laser operat-
ing regime and applications for optical coherence 
tomography. Opt Express 2006; 14: 3225-3237.
 55) KleIn T, wIeser w, reznIceK l, neubauer a, KampIK 
a, huber r. Multi-MHz retinal OCT. Biomed Opt 
Express 2013; 4: 1890-1908.
 56) bIanco p, robey pg. Skeletal stem cells. Develop-
ment 2015;142(6):1023-1027.
 57) morrIson sJ, scadden dT. The bone marrow niche 
for haematopoietic stem cells. Nature 2014; 505: 
327-334.
 58) rachner Td, Khosla s, hoFbauer lc. Osteoporosis: 
now and the future. Lancet 2011; 377: 1276-1287.
 59) lo cc, chIang as. Toward whole-body connecto-
mics. J Neurosci 2016; 36: 11375-11383.
 60) bus sa, yang Qx, wang Jh, smITh mb, wunderlIch 
r, caVanagh pr. Intrinsic muscle atrophy and toe 
deformity in the diabetic neuropathic foot: a mag-
netic resonance imaging study. Diabetes Care 
2002; 25: 1444-1450.
 61) ellIoTT J, Jull g, noTeboom JT, darnell r, galloway 
g, gIbbon ww. Fatty infiltration in the cervical 
extensor muscles in persistent whiplash-asso-
ciated disorders: a magnetic resonance imaging 
analysis. Spine 2006; 31: E847-E855.
 62) Tandon a, VIlla cr, hor Kn, JeFFerIes Jl, gao z, 
TowbIn Ja, wong bl, mazur w, FlecK rJ, sTIcKa JJ, 
benson dw. Myocardial fibrosis burden predicts 
left ventricular ejection fraction and is associ-
ated with age and steroid treatment duration in 
Duchenne muscular dystrophy. J Am Heart As-
soc 2015; 4. pii: e001338.
 63) lInK Tm. Osteoporosis imaging: state of the art and 
advanced imaging. Radiology 2012; 263: 3-17.
 64) marella m, seo bb, FloTTe Tr, maTsuno-yagI a, yagI 
T. No immune responses by the expression of the 
yeast Ndi1 protein in rats. PLoS One 2011; 6: e25910.
 65) TuraIhI ah, Van poelgeesT em, Van hInsbergh Vwm, 
serné eh, smulders ym, erInga ec. Combined 
H.-M. Wang, A. Khoradmehr, A. Tamadon, E. Velez, I. Nabipour, N. Jokar, et al 
3262
intravital microscopy and contrast-enhanced ul-
trasonography of the mouse hindlimb to study in-
sulin-induced vasodilation and muscle perfusion. 
J Vis Exp 2017; 121: 54912.
 66) wu c, yue x, lang l, KIeseweTTer do, lI F, zhu 
z, nIu g, chen x. Longitudinal PET imaging of 
muscular inflammation using(18)F-DPA-714 and 
(18)F-alfatide II and differentiation with tumors. 
Theranostics 2014; 4: 546-555.
 67) paseTTo l, olIVarI d, nardo g, Trolese mc, ben-
doTTI c, pIccIrIllo r, boneTTo V. Micro-computed 
tomography for non-invasive evaluation of muscle 
atrophy in mouse models of disease. PLoS One 
2018; 13: e0198089.
 68) heIer cr, guerron ad, KoroTcoV a, lIn s, gord-
Ish-dressman h, FrIcKe s, sze rw, hoFFman ep, wang 
p, nagaraJu K. Non-Invasive MRI and spectros-
copy of mdx mice reveal temporal changes in 
dystrophic muscle imaging and in energy deficits. 
PLoS One 2014; 9: e112477.
 69) parmar bJ, chaudhry a, weIner bK, sabonghy ep, 
TascIoTTI e, rIgheTTI r. Real-time ultrasound im-
aging of complex skeletal defects and fractures 
preliminary results. Imaging Med 2017; 9: 19-28.
 70) de carlos F, alVarez-suárez a, cosTIlla s, noVal I, 
Vega Ja, cobo J. 3D-μCT cephalometric measure-
ments in mice. Computed Tomography-Special 
Applications, In Tech Open 2011: 10-5772.
 71) doré-saVard l, oTIs V, belleVIlle K, lemIre m, archam-
baulT m, Tremblay l, beaudoIn JF, beaudeT n, lecomTe 
r, lepage m, gendron l. Behavioral, medical imaging 
and histopathological features of a new rat model of 
bone cancer pain. PLoS One 2010; 5: e13774.
 72) d’lugos ac, paTel sh, Fry cs, carroll cc, dIcKInson 
Jm. Differential response of mTOR and ERK sig-
naling in human skeletal muscle following resis-
tance exercise and acetaminophen consumption. 
FASEB J 2018; 32(1_supplement): lb247-lb247.
 73) ogaTa T, yamasaKI y. Ultra-high-resolution scanning 
electron microscopy of mitochondria and sarco-
plasmic reticulum arrangement in human red, 
white, and intermediate muscle fibers. Anat Rec 
1997; 248: 214-223.
 74) müller-höcKer J, seIbel p, schneIderbanger K, Kaden-
bach b. Different in situ hybridization patterns of mi-
tochondrial DNA in cytochrome c oxidase-deficient 
extraocular muscle fibres in the elderly. Virchows 
Arch A Pathol Anat Histopathol 1993; 422: 7-15.
 75) leVy m, barron l, meyer K, szoKa JF. Characteriza-
tion of plasmid DNA transfer into mouse skeletal 
muscle: evaluation of uptake mechanism, expres-
sion and secretion of gene products into blood. 
Gene Ther 1996; 3: 201-211.
 76) marTIns ar, crIsma ar, masI ln, amaral cl, marzu-
ca-nassr gn, bomFIm lh, Teodoro bg, QueIroz al, 
serdan Td, Torres rp, mancInI-FIlho J. Attenuation 
of obesity and insulin resistance by fish oil sup-
plementation is associated with improved skeletal 
muscle mitochondrial function in mice fed a high-
fat diet. J Nutr Biochem 2018; 55: 76-88.
 77) bhagwaTI s, ghaTpande a, shaFIQ s, leung b. In situ 
hybridization analysis for expression of myogenic 
regulatory factors in regenerating muscle of mdx 
mouse. J Neuropathol Exp Neurol 1996; 55: 509-
514.
 78) smerdu V, perše m. Effect of high-fat mixed lipid 
diet and swimming on fibre types in skeletal mus-
cles of rats with colon tumours. Eur J Histochem 
2018; 62: 2945.
 79) KarnoVsKy mJ. The localization of cholinesterase 
activity in rat cardiac muscle by electron micros-
copy. J Cell Biol 1964; 23: 217-232.
 80) sarTore s, pIerobon-bormIolI s, schIaFFIno s. Immu-
nohistochemical evidence for myosin polymor-
phism in the chicken heart. Nature 1978; 274: 
82-83.
 81) sweeney lJ, clarK wa, umeda pK, zaK r, manaseK FJ. 
Immunofluorescence analysis of the primordial 
myosin detectable in embryonic striated muscle. 
Proc Natl Acad Sci USA 1984; 81: 797-800.
 82) ToKuyasu K, duTTon ah, geIger b, sInger s. Ultra-
structure of chicken cardiac muscle as studied by 
double immunolabeling in electron microscopy. 
Proc Natl Acad Sci USA 1981; 78: 7619-7623.
 83) sInger rh, ward dc. Actin gene expression visu-
alized in chicken muscle tissue culture by using 
in situ hybridization with a biotinated nucleotide 
analog. Proc Natl Acad Sci USA 1982; 79: 7331-
7335.
 84) peTers m, lüTKeFels e, hecKeroTh a, schares g. Im-
munohistochemical and ultrastructural evidence 
for Neospora caninum tissue cysts in skeletal 
muscles of naturally infected dogs and cattle. Int 
J Parasitol 2001; 31: 1144-1148.
 85) shelTon gd, lIu la, guo lT, smITh gK, chrIsTIansen 
Js, Thomas wb, smITh mo, KlIne Kl, march pa, 
Flegel T, engVall e. Muscular dystrophy in female 
dogs. J Vet Intern Med 2001; 15: 240-244.
 86) bünger l, naVaJas ea, sTeVenson l, lambe nr, 
malTIn ca, sImm g, FIsher aV, chang Kc. Muscle 
fibre characteristics of two contrasting sheep 
breeds: Scottish blackface and texel. Meat Sci 
2009; 81: 372-381.
 87) gerber c, meyer dc, Frey e, Von rechenberg b, hop-
peler h, FrIgg r, JosT b, zumsTeIn ma. Neer Award 
2007: reversion of structural muscle changes 
caused by chronic rotator cuff tears using contin-
uous musculotendinous traction. An experimental 
study in sheep. J Shoulder Elbow Surg 2009; 18: 
163-171.
 88) Kershaw cm, scaramuzzI rJ, mcgowan mr, wheel-
er-Jones cp, KhalId m. The expression of pros-
taglandin endoperoxide synthase 2 messenger 
RNA and the proportion of smooth muscle and 
collagen in the sheep cervix during the estrous 
cycle. Biol Reprod 2007; 76: 124-129.
 89) naKano T, lI x, sunwoo h, sIm J. Immunohisto-
chemical localization of proteoglycans in bovine 
skeletal muscle and adipose connective tissues. 
Can J Anim Sci 1997; 77: 169-172.
 90) FrITz Jd, greaser ml. Changes in titin and nebulin 
in postmortem bovine muscle revealed by gel 
electrophoresis, western blotting and immuno-
fluorescence microscopy. J Food Sci 1991; 56: 
607-610.
 91) duarTe ms, paulIno pV, das aK, weI s, serao nV, Fu 
x, harrIs sm, dodson mV, du m. Enhancement of 
adipogenesis and fibrogenesis in skeletal muscle 
of Wagyu compared with Angus cattle. J Anim Sci 
2013; 91: 2938-2946.
Imaging of the muscle and bone from benchtop to bedside
3263
 92) Jones sb, carroll rJ, caVanaugh Jr. Structural 
changes in heated bovine muscle: a scanning 
electron microscope study. J Food Sci 1977; 42: 
125-131.
 93) hayes h, peTIT e, bounIol c, popescu p. Localiza-
tion of the α-S2-casein gene (CASAS2) to the 
homoeologous cattle, sheep, and goat chromo-
somes 4 by in situ hybridization. Cytogenet Ge-
nome Res 1993; 64: 281-285.
 94) becKsTead Jh, halVerson ps, rIes ca, baInTon dF. 
Enzyme histochemistry and immunohistochem-
istry on biopsy specimens of pathologic human 
bone marrow. Blood 1981; 57: 1088-1098.
 95) pal r, VenKaTaramana nK, bansal a, balaraJu s, 
Jan m, chandra r, dIxIT a, rauThan a, murgod u, 
ToTey s. Ex vivo-expanded autologous bone mar-
row-derived mesenchymal stromal cells in human 
spinal cord injury/paraplegia: a pilot clinical study. 
Cytotherapy 2009; 11: 897-911.
 96) bosTröm K, waTson K, horn s, worTham c, herman 
I, demer l. Bone morphogenetic protein expres-
sion in human atherosclerotic lesions. J Clin 
Invest 1993; 91: 1800-1809.
 97) sungaran r, marKoVIc b, chong b. Localization and 
regulation of thrombopoietin mRNA expression 
in human kidney, liver, bone marrow, and spleen 
using in situ hybridization. Blood 1997; 89: 101-
107.
 98) shIbaTa s, FuKada K, suzuKI s, ogawa T, yamashITa y. 
In situ hybridization and immunohistochemistry of 
bone sialoprotein and secreted phosphoprotein 1 
(osteopontin) in the developing mouse mandib-
ular condylar cartilage compared with limb bud 
cartilage. J Anat 2002; 200: 309-320.
 99) gIl-henn h, desTaIng o, sIms na, aoKI K, alles n, 
neFF l, sanJay a, bruzzanITI a, de camIllI p, baron r, 
schlessInger J. Defective microtubule-dependent 
podosome organization in osteoclasts leads to 
increased bone density in Pyk2−/− mice. J Cell 
Biol 2007; 178: 1053-1064.
100) hughes l, archer c, ap gwynn I. The ultrastruc-
ture of mouse articular cartilage: collagen orien-
tation and implications for tissue functionality. 
A polarised light and scanning electron micro-
scope study and review. Eur Cell Mater 2005; 
9: e84.
101) erben rg. Embedding of bone samples in meth-
ylmethacrylate: an improved method suitable 
for bone histomorphometry, histochemistry, and 
immunohistochemistry. J Histochem Cytochem 
1997; 45: 307-313.
102) marK mp, prInce cw, oosawa T, gay s, broncKers 
al, buTler wT. Immunohistochemical demonstra-
tion of a 44-KD phosphoprotein in developing rat 
bones. J Histochem Cytochem 1987; 35: 707-715.
103) weIss l. The structure of bone marrow. Functional 
interrelationships of vascular and hematopoietic 
compartments in experimental hemolytic anemia: 
an electron microscopic study. J Morphol 1965; 
117: 467-537.
104) chen J, shapIro hs, wrana Jl, reImers s, heersche 
Jn, sodeK J. Localization of bone sialoprotein 
(BSP) expression to sites of mineralized tissue 
formation in fetal rat tissues by in situ hybridiza-
tion. Matrix 1991; 11: 133-143.
105) loVrIc V, ledger m, goldberg J, harper w, berTol-
lo n, pelleTIer mh, olIVer ra, yu y, walsh wr. 
The effects of low-intensity pulsed ultrasound on 
tendon-bone healing in a transosseous-equiva-
lent sheep rotator cuff model. Knee Surg Sports 
Traumatol Arthrosc 2013; 21: 466-475.
106) le nIhouannen d, daculsI g, saFFarzadeh a, gauTh-
Ier o, delplace s, pIleT p, layrolle p. Ectopic bone 
formation by microporous calcium phosphate ce-
ramic particles in sheep muscles. Bone 2005; 36: 
1086-1093.
107) narIcI m, cerreTellI p. Changes in human mus-
cle architecture in disuse-atrophy evaluated by 
ultrasound imaging. J Gravit Physiol 1998; 5: 
P73-P74.
108) baKKe m, TuxeTV a, VIlmann p, Jensen br, VIlmann 
a, ToFT m. Ultrasound image of human masseter 
muscle related to bite force, electromyography, 
facial morphology, and occlusal factors. Eur J 
Oral Sci 1992; 100: 164-171.
109) lansdown da, dIng z, wadIngTon m, hornberger 
Jl, damon bm. Quantitative diffusion tensor MRI-
based fiber tracking of human skeletal muscle. J 
Appl Physiol 2007; 103: 673-681.
110) gIusTo m, laTTanzI b, albanese c, galTIerI a, Farcome-
nI a, gIannellI V, lucIdI c, dI marTIno m, caTalano 
c, merlI m. Sarcopenia in liver cirrhosis: the role 
of computed tomography scan for the assessment 
of muscle mass compared with dual-energy X-ray 
absorptiometry and anthropometry. Eur J Gastro-
enterol Hepatol 2015; 27: 328-334.
111) nadKarnI sK, pIerce mc, parK bh, de boer JF, whIT-
TaKer p, bouma be, bressner Je, halpern e, houser 
sl, Tearney gJ. Measurement of collagen and 
smooth muscle cell content in atherosclerotic 
plaques using polarization-sensitive optical co-
herence tomography. J Am Coll Cardiol 2007; 49: 
1474-1481.
112) TashIro m, FuJImoTo T, IToh m, KuboTa K, FuJIwara 
T, mIyaKe m, waTanuKI s, horIKawa e, sasaKI h, Ido 
T. 18F-FDG PET imaging of muscle activity in 
runners. J Nucl Med 1999; 40: 70-76.
113) pappas gp, olcoTT ew, drace Je. Imaging of skel-
etal muscle function using 18FDG PET: force 
production, activation, and metabolism. J Appl 
Physiol 2001; 90: 329-337.
114) Tearney g, brezInsKI m, souThern J, bouma b, hee m, 
FuJImoTo J. Determination of the refractive index of 
highly scattering human tissue by optical coher-
ence tomography. Opt Lett 1995; 20: 2258-2260.
115) KemppaInen J, FuJImoTo T, KallIoKosKI KK, VIlJanen T, 
nuuTIla p, KnuuTI J. Myocardial and skeletal mus-
cle glucose uptake during exercise in humans. J 
Physiol (Lond) 2002; 542: 403-412.
116) nuuTIla p, KnuuTI mJ, mäKI m, laIne h, ruoTsalaInen 
u, Teräs m, haaparanTa m, solIn o, yKI-JärVInen h. 
Gender and insulin sensitivity in the heart and in 
skeletal muscles: studies using positron emission 
tomography. Diabetes 1995; 44: 31-36.
117) chappell Jc, KlIbanoV al, prIce rJ. Ultrasound-mi-
crobubble-induced neovascularization in mouse 
skeletal muscle. Ultrasound Med Biol 2005; 31: 
1411-1422.
118) samagh sp, Kramer eJ, melKus g, laron d, boden-
dorFer bm, naTsuhara K, KIm hT, lIu x, Feeley bT. 
H.-M. Wang, A. Khoradmehr, A. Tamadon, E. Velez, I. Nabipour, N. Jokar, et al 
3264
MRI quantification of fatty infiltration and muscle 
atrophy in a mouse model of rotator cuff tears. J 
Orthop Res 2013; 31: 421-426.
119) nahrendorF m, zhang h, hembrador s, panIzzI p, 
sosnoVIK de, aIKawa e, lIbby p, swIrsKI FK, weIssleder 
r. Nanoparticle PET-CT imaging of macrophages 
in inflammatory atherosclerosis. Circulation 2008; 
117: 379-387.
120) yang x, lorenser d, mclaughlIn ra, KIrK rw, ed-
mond m, sImpson mc, grounds md, sampson dd. 
Imaging deep skeletal muscle structure using a 
high-sensitivity ultrathin side-viewing optical co-
herence tomography needle probe. Biomed Opt 
Express 2014; 5: 136-148.
121) leong-poI h, chrIsTIansen J, heppner p, lewIs cw, 
KlIbanoV al, Kaul s, lIndner Jr. Assessment of 
endogenous and therapeutic arteriogenesis by 
contrast ultrasound molecular imaging of integrin 
expression. Circulation 2005; 111: 3248-3254.
122) mahmoud-ghoneIm d, cherel y, lemaIre l, JacQues d, 
manIere a. Texture analysis of magnetic resonance 
images of rat muscles during atrophy and regen-
eration. Magn Reson Imaging 2006; 24: 167-171.
123) de boer JF, srInIVas sm, parK bh, pham Th, chen 
z, mIlner Te, nelson Js. Polarization effects in op-
tical coherence tomography of various biological 
tissues. IEEE J Sel Top Quantum Electron 1999; 
5: 1200-1204.
124) wu Jc, chen Iy, sundaresan g, mIn JJ, de a, QIao 
Jh, FIshbeIn mc, gambhIr ss. Molecular imaging of 
cardiac cell transplantation in living animals using 
optical bioluminescence and positron emission 
tomography. Circulation 2003; 108: 1302-1305.
125) pIllen s, TaK ro, zwarTs mJ, lammens mm, VerrIJp 
Kn, arTs Im, Van der laaK Ja, hoogerbrugge pm, Van 
engelen bg, VerrIps a. Skeletal muscle ultrasound: 
correlation between fibrous tissue and echo inten-
sity. Ultrasound Med Biol 2009; 35: 443-446.
126) KobayashI m, naKamura a, hasegawa d, FuJITa m, 
orIma h, TaKeda sI. Evaluation of dystrophic dog 
pathology by fat-suppressed T2-weighted imag-
ing. Muscle Nerve 2009; 40: 815-826.
127) rossmeIsl Jr Jh, rohleder JJ, hancocK r, lanz oI. 
Computed tomographic features of suspected 
traumatic injury to the iliopsoas and pelvic limb 
musculature of a dog. Vet Radiol Ultrasound 
2004; 45: 388-392.
128) madar I, raVerT hT, du y, hIlTon J, VoloKh l, 
dannals rF, FrosT JJ, hare Jm. Characterization 
of uptake of the new PET imaging compound 
18F-fluorobenzyl triphenyl phosphonium in dog 
myocardium. J Nucl Med 2006; 47: 1359-1366.
129) mclaren dg, noVaKoFsKI J, parreTT dF, lo ll, sIngh 
sd, neumann Kr, mcKeITh FK.  A study of operator 
effects on ultrasonic measures of fat depth and 
longissimus muscle area in cattle, sheep and 
pigs. J Anim Sci 1991; 69: 54-66.
130) healy lJ, JIang y, hsu ew. Quantitative compari-
son of myocardial fiber structure between mice, 
rabbit, and sheep using diffusion tensor car-
diovascular magnetic resonance. J Cardiovasc 
Magn Reson 2011; 13: 74.
131) aras mh, mIloglu o, baruTcugIl c, KanTarcI m, oz-
can e, harorlI a. Comparison of the sensitivity for 
detecting foreign bodies among conventional plain 
radiography, computed tomography and ultraso-
nography. Dentomaxillofac Radiol 2010; 39: 72.
132) weaVer b, sTaddon g, pearson m. Tissue blood 
content in anaesthetised sheep and horses. 
Comp Biochem Physiol A Comp Physiol 1989; 
94: 401-404.
133) monzIols m, colleweT g, bonneau m, marIeTTe F, 
daVenel a, Kouba m. Quantification of muscle, 
subcutaneous fat and intermuscular fat in pig car-
casses and cuts by magnetic resonance imaging. 
Meat Sci 2006; 72: 146-154.
134) FonT-I-Furnols m, brun a, Tous n, gIsperT m. Use 
of linear regression and partial least square re-
gression to predict intramuscular fat of pig loin 
computed tomography images. Chemometr Intell 
Lab Syst 2013; 122: 58-64.
135) yang y, wu l, Feng y, wang rK. Observations of 
birefringence in tissues from optic-fibre-based 
optical coherence tomography. Meas Sci Technol 
2002; 14: 41.
136) yang y, whITeman s, Van pITTIus dg, he y, wang rK, 
spITerI ma. Use of optical coherence tomography 
in delineating airways microstructure: comparison 
of OCT images to histopathological sections. 
Phys Med Biol 2004; 49: 1247-1255.
137) Feldman hs, harTVIg p, wIKlund l, douceTTe am, 
anTonI g, gee a, ulIn J, langsTrom b. Regional dis-
tribution of 11C-labeled lidocaine, bupivacaine, and 
ropivacaine in the heart, lungs, and skeletal muscle 
of pigs studied with positron emission tomography. 
Biopharm Drug Dispos 1997; 18: 151-164.
138) shore d, woods m, mIles c. Attenuation of ul-
trasound in post rigor bovine skeletal muscle. 
Ultrasonics 1986; 24: 81-87.
139) wedeen VJ, reese Tg, napadow VJ, gIlberT rJ. 
Demonstration of primary and secondary mus-
cle fiber architecture of the bovine tongue by 
diffusion tensor magnetic resonance imaging. 
Biophys J 2001; 80: 1024-1028.
140) raJI ar, sardarI K, mohammadI h. Normal cross–
sectional anatomy of the bovine digit: comparison 
of computed tomography and limb anatomy. Anat 
Histol Embryol 2008; 37: 188-191.
141) nade T, FuJITa K, FuJII m, yoshIba m, haryu T, mIsumI 
s, oKumura T. Development of X-ray computed 
tomography for live standing cattle. Anim Sci J 
2005; 76: 513-517.
142) Fan c, yao g. Imaging myocardial fiber orientation 
using polarization sensitive optical coherence to-
mography. Biomed Opt Express 2013; 4: 460-465.
143) KarJalaInen Jp, Töyräs J, rIeKKInen o, haKulInen m, 
JurVelIn Js. Ultrasound backscatter imaging pro-
vides frequency-dependent information on struc-
ture, composition and mechanical properties of 
human trabecular bone. Ultrasound Med Biol 
2009; 35: 1376-1384.
144) dogdas b, shaTTucK dw, leahy rm. Segmentation 
of skull and scalp in 3‐D human MRI using math-
ematical morphology. Hum Brain Mapp 2005; 26: 
273-285.
145) snyder sm, schneIder e. Estimation of mechanical 
properties of cortical bone by computed tomog-
raphy. J Orthop Res 1991; 9: 422-431.
146) cIarellI m, goldsTeIn s, Kuhn J, cody d, brown m. 
Evaluation of orthogonal mechanical properties 
Imaging of the muscle and bone from benchtop to bedside
3265
and density of human trabecular bone from the 
major metaphyseal regions with materials test-
ing and computed tomography. J Orthop Res 
1991; 9: 674-682.
147) Van der JeughT s, dIrcKx JJ, aerTs Jr, bradu a, 
podoleanu ag, buyTaerT Ja. Full-field thickness 
distribution of human tympanic membrane ob-
tained with optical coherence tomography. J 
Assoc Res Otolaryngol 2013; 14: 483-494.
148) rude r, gruber h, weI l, FrausTo a, mIlls b. Mag-
nesium deficiency: effect on bone and mineral 
metabolism in the mouse. Calcif Tissue Int 2003; 
72: 32-41.
149) heInrIchs wl, Fong p, Flannery m, heInrIchs sc, 
crooKs le, spIndle a, pedersen ra. Midgestational 
exposure of pregnant BALBc mice to magnetic 
resonance imaging conditions. Magn Reson Im-
aging 1988; 6: 305-313.
150) Jämsä T, JaloVaara p, peng z, Väänänen hK, TuuK-
Kanen J. Comparison of three-point bending test 
and peripheral quantitative computed tomogra-
phy analysis in the evaluation of the strength of 
mouse femur and tibia. Bone 1998; 23: 155-161.
151) pasQuesI JJ, schlachTer sc, bopparT md, chaney 
e, KauFman sJ, bopparT sa. In vivo detection of 
exercise-induced ultrastructural changes in ge-
netically-altered murine skeletal muscle using 
polarization-sensitive optical coherence tomog-
raphy. Opt Express 2006; 14: 1547-1556.
152) Kang bT, parK c, yoo Jh, gu sh, Jang dp, KIm yb, 
woo eJ, KIm dy, cho zh, parK hm. 18F-fluorode-
oxyglucose positron emission tomography and 
magnetic resonance imaging findings of primary 
intracranial histiocytic sarcoma in a dog. J Vet 
Med Sci 2009; 71: 1397-1401.
153) sanT’anna eF, leVen rm, VIrdI as, sumner d. Effect 
of low intensity pulsed ultrasound and BMP-2 on 
rat bone marrow stromal cell gene expression. J 
Orthop Res 2005; 23: 646-652.
154) JendeloVá p, heryneK V, urdzIKoVa l, glogaroVá K, 
KroupoVá J, andersson b, bryJa V, burIan m, háJeK 
m, syKoVá e. Magnetic resonance tracking of 
transplanted bone marrow and embryonic stem 
cells labeled by iron oxide nanoparticles in rat 
brain and spinal cord. J Neurosci Res 2004; 76: 
232-243.
155) barou o, ValenTIn d, VIco l, TIrode c, barbIer a, 
alexandre c, laFage-prousT mh. High-resolution 
three-dimensional micro-computed tomography 
detects bone loss and changes in trabecular 
architecture early: comparison with DEXA and 
bone histomorphometry in a rat model of disuse 
osteoporosis. Invest Radiol 2002; 37: 40-46.
156) paTel na, zoeller J, sTamper dl, FuJImoTo Jg, brez-
InsKI me. Monitoring osteoarthritis in the rat mod-
el using optical coherence tomography. IEEE 
Trans Med Imaging 2005; 24: 155-159.
157) poTTIer g, bernards n, dollé F, boIsgard r. [18F]
DPA-714 as a biomarker for positron emission 
tomography imaging of rheumatoid arthritis in 
an animal model. Arthrit Res Ther 2014; 16: 
R69.
158) enzmann dr, brITT rh, lyons b, buxTon T, wIlson 
d. Experimental study of high-resolution ultra-
sound imaging of hemorrhage, bone fragments, 
and foreign bodies in head trauma. J Neurosurg 
1981; 54: 304-309.
159) lIpsITz d, leVITsKI re, chauVeT ae, berry wl. Mag-
netic resonance imaging features of cervical 
stenotic myelopathy in 21 dogs. Vet Radiol Ul-
trasound 2001; 42: 20-27.
160) daVIs gJ, KapaTKIn as, craIg le, heIns gs, worT-
man Ja. Comparison of radiography, computed 
tomography, and magnetic resonance imaging 
for evaluation of appendicular osteosarcoma in 
dogs. J Am Vet Med Assoc 2002; 220: 1171-1176.
161) parK Jy, chung Jh, lee Js, KIm hJ, choI sh, Jung 
uw. Comparisons of the diagnostic accuracies 
of optical coherence tomography, micro-com-
puted tomography, and histology in periodontal 
disease: an ex vivo study. J Periodontal Implant 
Sci 2017; 47: 30-40.
162) greenwood pl, slepeTIs rm, mcphee mJ, bell aw. 
Technical report: Prediction of stage of pregnan-
cy in prolific sheep using ultrasound measure-
ment of fetal bones. Reprod Fertil Dev 2002; 14: 
7-13.
163) nebelung s, marx u, brIll n, arbab d, QuacK V, 
Jahr h, TIngarT m, zhou b, sToFFel m, schmITT r, 
raTh b. Morphometric grading of osteoarthritis by 
optical coherence tomography--an ex vivo study. 
J Orthop Res 2014; 32: 1381-1388.
164) de TerlIzzI F, baTTIsTa s, caVanI F, canè V, cadossI r. 
Influence of bone tissue density and elasticity on 
ultrasound propagation: an in vitro study. J Bone 
Miner Res 2000; 15: 2458-2466.
165) mITchell a, scholz a, wang p, song h. Body 
composition analysis of the pig by magnetic res-
onance imaging. J Anim Sci 2001; 79: 1800-1813.
166) sun z, smITh T, KorTam s, KIm d-g, Tee bc, FIelds 
h. Effect of bone thickness on alveolar bone-
height measurements from cone-beam comput-
ed tomography images. Am J Orthod Dentofacial 
Orthop 2011; 139: e117-e127.
167) colsTon bw, eVereTT mJ, da sIlVa lb, oTIs ll, sTro-
eVe p, naThel h. Imaging of hard-and soft-tissue 
structure in the oral cavity by optical coherence 
tomography. Appl Opt 1998; 37: 3582-3585.
168) beshara s, lundQVIsT h, sundIn J, lubberInK m, 
TolmacheV V, ValInd s, anTonI g, långsTröm b, 
danIelson bg. Kinetic analysis of 52Fe-labelled 
iron (III) hydroxide–sucrose complex following 
bolus administration using positron emission 
tomography. Br J Haematol 1999; 104: 288-
295.
169) lees s, heeley Jd, cleary pF. A study of some prop-
erties of a sample of bovine cortical bone using 
ultrasound. Calcif Tissue Int 1979; 29: 107-117.
170) maJumdar s, lInK Tm, augaT p, lIn Jc, newITT 
d, lane ne, genanT hK. Trabecular bone ar-
chitecture in the distal radius using magnetic 
resonance imaging in subjects with fractures 
of the proximal femur. Osteoporos Int 1999; 10: 
231-239.
171) rodrIguez a, anasTassoV ge, lee h, buchbInd-
er d, weTTan h. Maxillary sinus augmentation 
with deproteinated bovine bone and platelet rich 
plasma with simultaneous insertion of endosse-
ous implants. J Oral Maxillofac Surg 2003; 61: 
157-163.
H.-M. Wang, A. Khoradmehr, A. Tamadon, E. Velez, I. Nabipour, N. Jokar, et al 
3266
172) byKoV a, hauTala T, KInnunen m, popoV a, Karhula 
s, saaraKKala s, nIemInen mT, TuchIn V, meglInsKI 
I. Imaging of subchondral bone by optical co-
herence tomography upon optical clearing of 
articular cartilage. J Biophotonics 2016; 9: 270-
275.
173) burger c, goerres g, schoenes s, bucK a, lonn a, 
Von schulThess g. PET attenuation coefficients 
from CT images: experimental evaluation of the 
transformation of CT into PET 511-keV attenu-
ation coefficients. Eur J Nucl Med Mol Imaging 
2002; 29: 922-927.
